On X-ray emission of radio pulsars by Malov, Igor F. & Timirkeeva, Maria A.
On X-ray emission of radio pulsars
Igor F. Malov1, M. A. Timirkeeva
P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Leninskii pr.
53, Moscow, 119991, Russia
Abstract
The analysis of distributions of some parameters of radio pulsars emit-
ting X-ray radiation was carried out. The majority of such pulsars has short
spin periods with the average value < P > = 133 msec. The distribution of
period derivatives reveals a bimodality, dividing millisecond (< log
dP
dt
>
= -19.69) and normal (< log
dP
dt
> = -13.29) pulsars. Magnetic fields at the
surface of the neutron star are characterized by the bimodal distribution as
well. The mean values of < logBs > are 8.48 and 12.41 for millisecond
pulsars and normal ones, respectively. The distribution of magnetic fields
near the light cylinder, it does not show the noticeable bimodality. The me-
dian value of logBlc = 4.43 is almost three orders higher comparing with
this quantity (< logBlc > = 1.75) for radio pulsars without registered X-
ray emission. Losses of rotational energy (< log
dE
dt
> = 35.24) are also
three orders higher than corresponding values for normal pulsars. There is
the strong correlation between X-ray luminosities and losses of rotational
energies. The dependence of the X-ray luminosity on the magnetic field at
the light cylinder has been detected. It shows that the generation of the non-
thermal X-ray emission takes place at the periphery of the magnetosphere
and is caused by the synchrotron mechanism. We detected the positive cor-
relations between luminosities in radio, X-ray and gamma -ray ranges. Such
correlations give the possibility to carry out a purposeful search for pulsars
in one of these ranges if they radiate in other one.
1 Introduction
One of the problems in pulsar investigations remains the understanding of the
nature of their X-ray emission. There were some attempts to describe possible
sources of this emission in pulsar magnetospheres (see, for example, [1] and [2]).
However, an adequate description is absent up to now. At present there are
detailed data for 61 radio pulsars from ATNF catalogue (ver. 1.58, [3]) emitting
X-rays as was shown by [4, 5]. The X-ray observations by ROSAT (0.1-2 keV),
ASCA (0.4-10 keV), XMM-Newton (0.2-12 keV) and Chandra (0.1-10 keV) have
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broadened significantly our understanding of origin and mechanism generation of
non-thermal and thermal radiation from a neutron star, but not completely. We
propose one of the ways in advancing the solution of this problem, namely the
comparison of the parameters of radio pulsars, as loud and quiet X-ray sources,
revealation of their essential differences and analysis of reasons causing such dif-
ferences. The main aims of our work are comparing of the known pulsar parame-
ters of two mentioned groups, search for their differences and analysis of possible
reasons of such differences.
The remainder of this paper is organised as follows. The used sample is pre-
sented in Section 2, also in this Section we consider some distributions of main
parameters of loud and quiet pulsars. Section 3 contains the analysis and the in-
terpretation of some correlations between parameters of pulsars considered. In
Section 4 we discuss the obtained results and give the conclusions.
2 The used sample of pulsars and distributions of
their main parameters
Table 4 contains data for radio pulsars detected as X-ray emitters. We exclude
from the consideration anomalous X-ray pulsars (AXPs) and soft gamma-ray re-
peaters (SGRs). In Table 4 we give names of pulsars, their periods (in msec),
derivatives of periods, radio luminosities at 1400 MHz (in mJy·kpc2), magnetic
fields at the surface and near the light cylinder (in G), rate of losses of rotational
energy (in erg/sec). All these characteristics describe the physical conditions in
pulsars.
Let us consider distributions of mentioned parameters for loud pulsars from
Table 4. They are presented in Fig. 1-5.
Fig. 1 shows that the majority of objects is characterized by very short peri-
ods. The mean value is < P >= 133 msec. The distribution of periods can be
described by the following dependence:
N(P ) = (82± 6)exp {−P · (8.92± 0.60)} (1)
The corresponding value of CHI-square is 1.19.
The distribution of period derivatives is shown in Fig. 2. It is bimodal. For 21
sources the mean value< log
dP
dt
> = -19.69. They form the group of millisecond
recycled pulsars. Then we can see the marked gap. For the right group with 40
objects the mean value is < log
dP
dt
> = - 13.29. These pulsars have evolved
probably as isolated objects outside any binary systems.
2
Figure 1: Distribution of pulsar spin periods for radio pulsars with the detected
X-ray emission. Exponential curve is described by Eq. 1.
Figure 2: Distrbution of derivatives of spin periods.
Figure 3: Distribution of magnetic fields at the surface.
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For an isolated (non-accreting) pulsar the magnetic dipole field strength can
be estimated from the observed period P, and its period derivative
dP
dt
, as
Bs ' 3.2× 1019
√
P
dP
dt
(2)
For accreting pulsars such an estimate can be erroneous, because their rotation
can be accelerated as a result of the transfer of the angular momentum from the
falling matter.
The distribution of the magnetic fields at the surface looks similarly to the dis-
tribution of their period derivatives (Fig. 3). It is bimodal. The right part in Fig. 3
contains normal pulsars with < logBs > = 12.43. The left part presents the popu-
lation of millisecond recycled pulsars with < logBs > = 8.46. Evolution of such
pulsars had been described by [6]. They showed that there was the relationship
between the final spin period and the corresponding magnetic field:
P0 = 2.6B
6/7
12 L
−3/7
36 (3)
In Eq. 3 the standard denotations are used, such as B12 is the magnetic field
strength in units of 1012 G and L36 is the X-ray luminosity of this system in units
of 1036 erg/sec.
In Fig. 4 the distribution of magnetic fields at the light cylinder is shown. It is
suggested that the magnetic field is dipolar from the surface of the neutron star up
to the periphery of the magnetosphere:
B = Bs
(R∗
rlc
)3
, (4)
where R∗ is the neutron star radius,
rlc =
cP
2pi
(5)
is the radius of the light cylinder. This distribution can be described by the
gaussian with the maximum at < logBlc > = 4.84, the width equaled to 0.90 and
the median value logBlc = 4.43. The CHI-square for this inscribing is 2.27. For
normal quiet pulsars values of magnetic fields at the light cylinder are almost three
orders less than the obtained median value [7].
Fig. 5 shows the distribution of losses of rotational energies
dE
dt
=
4pi2I dP
dt
P 3
, (6)
where I is the moment of inertia of the neutron star. This distribution is bi-
modal also. It is the consequence of the bimodality of the distribution for
dP
dt
. It
4
Figure 4: Distribution of magnetic fields at the light cylinder.
Figure 5: Distribution of rates of losses of rotational energy for the considered
sample.
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is worth noting that these values of
dE
dt
are as a rule much higher than correspond-
ing values for quiet pulsars. The mean value for objects of Table 4 is <
dE
dt
> =
35.24, the median value is 34.72.
We showed earlier [7, 8] that rates of losses of rotational energy for gamma
pulsars on average had been also much higher than for gamma quiet radio pulsars
(<
dE
dt
> = 35.53 and 32.60, respectively). Their magnetic fields at the light
cylinder are strongly differ as well. The corresponding values are < Blc > = 9 ×
103 G and 56 G. This means that hard radiation is registered as a rule in pulsars
with high values of
dE
dt
and Blc. The search for X-ray and gamma-ray emission
in future can be carried out purposefully using for this aim radio pulsars with the
mentioned peculiarities (see also [9]).
3 Analysis of some relationships between parame-
ters of pulsars considered
All these objects have been observed on boards of X-ray space satellites. It allows
us to add their estimates of luminosity [4, 5] in our sample of pulsars. These
authors have used two energy bands (0.1-2 KeV and 2-10 keV) for X-ray pulsars.
As for the pulsar J2022+3842, its X-ray flux density (F) was taken from the other
paper [10], and the X-ray luminosity has been calculated by multiplying F by d2
(the distance is taken from [3]).
First of all let us consider the dependence of the X-ray luminosity on the rate
of losses of rotational energy (Fig. 6). For our sample this dependence can be
described by the following equation:
logLx = (1.17± 0.08)logdE
dt
− 9.46± 2.89, (7)
the correlation coefficient is K = 0.97, and the probability of the random
distribution is p < 10−4.
Constructing Fig. 6, we have used values of luminosities in the range 2-10
keV [4] (dots) and 0.1-2 keV [5] (squares). All the X-ray emission in the range
2-10 keV is non-thermal. For the diapason from 0.1 to 2 keV we have taken
only the part of emission described by the power-law. It is caused by non-thermal
mechanisms as well. As we can see in Fig. 6, both ranges are well described by
the unique dependence:
Lx = 3.47× 10−10
(dE
dt
)1.17
(8)
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Figure 6: Relationship between X-ray luminosity and the rate of losses of rota-
tional energy.
The relationship Lx(dEdt ) has been analysed many times in a number of previ-
ous papers for different ranges and different samples. For example, [4] obtained
the following equation:
logLx(2−10) = 1.34log
dE
dt
− 15.30 (9)
and mentioned two other results, obtained by [2]:
Lx(0.1−2.4) = 10−3
(dE
dt
)
(10)
and
Lx(2−10) = 10−21
(dE
dt
) 3
2
(11)
Thermal X-ray emission, detected in some pulsars [5] can be connected with
a hot surface of the neutron star (T ∼ 106 K), with the heating of a polar cap
due to bombarding it by accelerated positrons generated in a cascade process of
gamma quanta conversion (T∼ 107 K), with an accretion from a relic disk or
a disk raked up during the movement of the neutron star through the interstellar
medium. Partially such radiation can be connected with the supernova remnant.
The non-thermal radiation can be explained by the appearance of noticeable
pitch-angles of relativistic electrons at the periphery of the magnetosphere near
the light cylinder and by the switching on the synchrotron mechanism [11]. In
this case the X-ray luminosity can be calculated using the following formula:
Lx ≈
16pi8e4R6∗IB
2
sγrΨ
2 dP
dt
sin4β
m3c11P 8
, (12)
where γr is the Lorenz-factor of emitting particles, Ψ is their pitch-angle, β is
the angle between the magnetic moment and the rotation axis. The magnetic mo-
7
Figure 7: Comparison of observed and model values of X-ray luminosities.
ment is believed now as the axis of the emission cone. [11] obtained the following
expression:
Ψ =
1
2
( 3pi3m5c7γ3b
4e6B4P 3γ4pγ
2
r
)
(13)
We can calculate the expected values of X-ray luminosities using the following
formula:
Lcalc =
√
3pi7/2eI dP
dt
γ
3/2
b
32c3/2P 7/2m1/2γ2p
= 1027
(
dP
dt
)
−15
P 7/2
erg/sec (14)
The comparison of calculated and observed luminosities is given in Fig. 7. In
equations 13 and 14 γb is the Lorenz-factor of the primary beam, γp is the Lorenz-
factor of the secondary electrons. We suggest that γb = 5 × 106, γp = 10 for all
pulsars considered. The line in Fig. 7 corresponds to the relationship
Lx = 3.48× 10−4L1.14calc (15)
or
logLx = (1.14± 0.04)logLcalc − 3.46± 1.20, (16)
with the correlation coefficient K = 0.97. Taking into account that values
of γb and γp in different pulsars can differ the agreement between Lcalc and Lx
must be recognized as very good, and the used synchrotron model as adequately
describing the data of observations.
Another argument for the conclusion on the generation of non-thermal X-ray
emission at the periphery of the pulsar magnetosphere by the synchrotron mecha-
nism is the noticeable correlation between the X-ray luminosity and the magnetic
8
Figure 8: Dependence of X-ray luminosity on magnetic field at the periphery
magnetosphere.
Figure 9: Model of the magnetosphere.
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Figure 10: Comparison of X-ray and gamma-ray luminosities.
field near the light cylinder (Fig. 8). Here we have taken into account that the
scale of the magnetosphere can differ from the radius of the light cylinder, and the
distance where the observed radiation is generated depends on the angle β (Fig.
9):
R∗ =
rlc
sinβ
(17)
In pulsars with a small angle β the region of the formation of the observed
radiation extends much further than in the pulsars with a large inclination of the
axes. We added estimates of angles β (in degrees) from [12] in penultimate col-
umn of Table 4.
The corresponding relationship in Fig. 9 can be presented as
logLx = (0.96± 0.46)log(Blcsin3β) + 29.93± 0.92 (18)
The correlation coefficient is K = 0.49 and the probability of the random
distribution is p ∼ 5.5%.
We have shown early [13] that there is the similar correlation between gamma-
ray luminosities and magnetic fields at the light cylinder. Hence, we must expect
the noticeable correlation between gamma-ray and X-ray luminosities. To com-
pare these quantities we used data from the catalogue of [14]. Fig. 10 shows that
indeed there is strong correlation between Lx and Lγ:
logLx = (1.22± 0.21)logLγ − 9.67± 7.18 (19)
The correlation coefficient is K = 0.76 and the probability of the random
distribution is p < 10−4.
The comparison of radio and X-ray luminosities is presented in Fig. 11. We
can see that these quantities correlate as well:
10
Figure 11: Comparison of radio and X-ray luminosities.
logLx = (1.20± 0.28)logRlum1400 + 30.80± 0.31 (20)
The correlation coefficient is K = 0.53. The obtained correlations can be used
for a purposeful search for radiation in one of the range from sources detected in
another range [13, 9].
4 Conclusions and discussion
• The majority of radio pulsars with the registered X-ray emission has short
spin periods with < P > = 133 msec.
• The distribution of period derivatives shows the bimodality. One group of
objects contains millisecond recycled pulsars with < log
dP
dt
>= -19.69,
another one includes normal pulsars with < log
dP
dt
> = -13.29.
• The similar bimodality is seen in the distribution of magnetic fields at the
surface of the neutron star. The mean values of log Bs are 8.46 and 12.43
for millisecond and normal pulsars, respectively.
• The distribution of magnetic fields at the light cylinder does not show the
noticeable bimodality. Instead it can be presented by the unique gaussian.
The median value of < logBlc > = 4.43 is almost three orders of magni-
tude higher than the corresponding values for radio pulsars without X-rays
emission (< logBlc > = 1.75.
• The rate of losses of rotational energy for pulsars considered (< logdE
dt
>
11
= 35.24) is also three orders higher than the corresponding values for pulsar
quiet in X-rays.
• As was expected there was the strong correlation between X-ray luminosi-
ties of radio pulsars and the rates of losses of their rotational energy. The
last ones are believed as the main source of energy for all processes in the
pulsar magnetosphere.
• The dependence of X-ray luminosities on magnetic fields at the light cylin-
der is detected. This dependence shows that the generation of X-ray emis-
sion takes place at the periphery of the magnetosphere and is caused by the
synchrotron mechanism.
The obtained results lead to the conclusion that the division of loud pulsars into
5 groups proposed by [4] is not necessary. In fact there are two populations. The
first one includes pulsars with long spin periods and weak or absent X-ray radi-
ation. They can emit thermal radiation from the surface. The second population
contains objects with rather short periods. They are characterized by high mag-
netic fields near the light cylinder. This leads to the switching on the synchrotron
mechanism and generation of non-thermal X-ray emission. The inverse Compton
scattering of soft X-ray quanta on relativistic electrons can explain gamma-ray
emission up to energies of hundreds GeV and may be even TeVs. The detected
correlations between luminosities in different ranges give the possibility for a pur-
poseful search for new pulsars in all diapasons if there is the registered radiation
in one of these ranges.
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